ABSTRACT: This paper summarizes the research activities done at Politecnico di Milano in the field of the detailed kinetic modeling of fast pyrolysis of biomass to produce biooil. Note I of this work already discussed biomass characterization and the multistep pyrolysis mechanisms of reference species. The model is able to provide a detailed composition of pyrolysis products and char residue. Different critical steps are involved in this multicomponent, multiphase and multiscale problem. The first complexity relies in biomass characterization. Then, fast pyrolysis process involves detailed kinetic mechanisms, first in the solid phase for the biomass pyrolysis, then in the gas-phase for the secondary reactions of released products. The complexity of these kinetic mechanisms requires strong simplifications, thus chemical lumping procedures are extensively applied. Successive or secondary gas phase reactions of gas and tar components released during the pyrolysis process complement the kinetic model, together with the heterogeneous reactions of residual char. The modeling of fast pyrolysis process requires a comprehensive description of the coupled transport and kinetic processes, both at the particle and the reactor scale. A few examples and comparisons with experimental data validate the reliability of the overall model. Finally, the composition and physical properties of the pyrolysis bio-oil are also discussed, with emphasis on combustion and pollutant emissions.
INTRODUCTION
Although Note I of this work already presented the biomass characterization based on a few reference species together with their pyrolysis mechanisms, 1 the main subject of this paper is to complete the modeling steps required for the description of fast biomass pyrolysis to produce bio-oil, with particular attention to the chemistry of this process. Figure S1 in the Supporting Information very schematically shows a fast pyrolysis process with a circulating fluidized bed reactor. 2 Biomass is dried and grinded to reduce the moisture and to improve both the fast heating of small biomass particles and the quality of the bio-oil. Combustion of gas and char produced in this process can supply the required pyrolysis heat. Bio-oil obtained after condensation of the tar products is typically a dark red-brown liquid, highly polar, with high density ∼1200 kg/m 3 . Although the endothermic pyrolysis reaction requires a high rate of heat transfer and adequate times, the residence time of released volatiles must be short enough to avoid successive decomposition reactions. High heating rates improve bio-oil production, whereas low heating rates favor biochar formation. High pyrolysis temperatures supported by catalyst and oxidizing atmospheres are used for syngas production. Biomass pretreatments allow significant improvements of pyrolysis process. 3 Currently, bubbling and circulating fluidized bed processes produce bio-oil on a commercial scale, using woody biomasses. Circulating fluidized bed reactors are suitable for larger throughputs with respect to bubbling reactors, even though hydrodynamics is more complex. 2 The graphical abstract highlights the multicomponent, multiphase, and multiscale nature of biomass pyrolysis and also shows the relevant role of chemistry in this process. After the first pyrolysis of the biomass particle, the chemistry also affects the evolution of thermal reactors with the heterogeneous reactions of residual char, and mainly with the successive gasphase reactions of pyrolysis products, i.e., gas and tar species. The coupling of chemical kinetics and transport phenomena needs to be considered both at particle and reactor scale in order to account for the correct temperature and time distributions. A further complexity arises from the anisotropic nature of the biomass particles and from fractures and comminutions of biomass particles during the pyrolysis process. Thermo and transport properties of biomass and char also vary with the conversion progress and the modeling of fast pyrolysis process requires well-balanced efforts. 4 One of the peculiarities of the biomass pyrolysis mechanism described in Note I of this work, 1 and here attached as Table S1 in the Supporting Information, is its ability to provide a detailed composition of pyrolysis products and char residue. The overall kinetic model also requires the heterogeneous reactions of biochar, as well as the secondary gas phase reactions of gas and bio-oil species released during biomass pyrolysis. The large kinetic mechanism of these secondary gas phase pyrolysis and combustion of hydrocarbon and oxygenated species takes great benefit from a firm experience in pyrolysis 5 and combustion kinetics. 6 After this Introduction, the Secondary Gas-Phase Reactions of Released Products section describes the secondary gas-phase reactions of volatile species released during biomass pyrolysis. Namely, three major reaction classes of successive reactions are analyzed: chain radical reactions, molecular dehydration reactions, and successive reactions of aromatics species to form heavy poly aromatic hydrocarbons (PAH) and soot. The Heterogeneous Reactions of Residual Char section shortly discusses the heterogeneous reactions of char gasification and combustion. The Mathematical Model at the Particle and the Reactor Scale section presents the mass and energy balances at the particle and reactor scale. Bio-Oil Production and Comparisons with Experimental Data analyzes the bio-oil formation in terms of yields and composition. The Bio-Oil Composition and Combustion Properties section discusses the challenging features of bio-oil combustion related to material compatibility, flame stability, and emissions. Finally, some conclusions are drawn in Conclusion section, together with a critical discussion not only on advantages and limits of the present model but also on how new experimental and theoretical work can be useful to improve further the knowledge of this process.
■ SECONDARY GAS-PHASE REACTIONS OF RELEASED PRODUCTS
Primary volatile products released from biomass pyrolysis are often exposed to high temperatures, where gas phase reactions play a significant role. 7−9 Thus, it is possible to find optimal operating temperature and conditions corresponding to maximum bio-oil yield because of secondary gas-phase reactions, which are responsible for bio-oil reduction with increase of gas yields.
2,10−13 An extension of a general kinetic mechanism of pyrolysis and combustion of hydrocarbon and oxygenated fuels 14 is very useful for describing these successive reactions of tar and gas species. Because of the modular structure of detailed kinetic mechanisms, their extension simply requires to include the primary reactions of the new species released from biomass pyrolysis. These are chain initiation, Habstraction and addition reactions, together with molecular and successive radical decomposition, until the formation of intermediates already considered in the kinetic mechanism. The complete POLIMI kinetic mechanism in CHEMKIN format, together with thermodynamic properties of all involved species, is provided as Supporting Information. The overall dimensions of the kinetic scheme, in terms of species and reactions, is a compromise between model accuracy and computational efforts. For this reason, a few lumped components represent and group several tar and heavy species and/or isomers with similar reactivity. As a simple example, the free fatty acid (FFA: C 18 H 32 O 2 ) released by the triglycerides groups the unsaturated fatty acids and is a combination of methyl-linoleate (C 19 H 32 O 2 ) and methyl-decanoate (C 11 H 18 O 2 ) with a mole ratio 0.875/.125, which satisfies the atomic balances. These components are already considered in POLIMI mechanism of pyrolysis and oxidation of heavy methyl esters. 15 As already mentioned, three major reaction classes of successive reactions are here considered: chain radical reactions, molecular dehydration reactions, and successive reactions of aromatics species to form PAH.
Chain Radical Reactions: Generic Rate Rules of Initiation and H-Abstraction Reactions. Because of the large number of successive reactions of volatiles from biomass pyrolysis, Carstensen and Dean 7 already highlighted that it is not feasible to perform ab initio calculations of rate constants for all the reactions. From first principle calculations, they systematically derived rate estimation rules, to be extrapolated inside the same reaction class. Similarly, in modeling steam cracking reactions, Dente et al. 5, 16 highlighted that the rate constant of initiation and H-abstraction reactions of pure hydrocarbons are obtained, with reasonable accuracy, by adopting generic rate rules based on bond dissociation energy (BDE) of the reacting molecules.
Favored chain initiation reactions involve the breaking of the weakest bonds. From microscopic reversibility principle, rate constant of initiation reactions are derived from the rate constant of the reverse radical recombination reaction. If the activation energy of the radical recombination is zero, the activation energy of the reverse unimolecular dissociation reaction becomes directly the BDE.
Rate of H-abstraction or metathesis reactions depend on the reference rate constant of the different abstracting radicals and on the type of H atoms to be abstracted. 17 Table 1 reports a series of BDEs of different C−H bonds in hydrocarbon and oxygenated species. These BDE values highlight that all radicals can easy abstract allyl and acyl H atoms, because of the lower BDEs, whereas the removal of vinyl H atoms is more difficult. Figure S2 in the Supporting Information compares the rates constants of H-abstraction of H, OH, and CH 3 radicals from primary, secondary, tertiary, allyl, and vinyl positions. Similar generic rate rules are derived for H-abstraction reactions in oxygenated species. 18 These rate rules, both for initiation and H-abstraction reactions, are very useful to define a first reasonable set of rate parameters of secondary gas phase radical reactions.
Molecular Reactions and Water Elimination Reactions: Alcohols, Glycerol, and Carbohydrates. It is welldefined the importance of water elimination and molecular reactions in cellulose and biomass pyrolysis.
19−21 Dehydration reactions will be here sequentially discussed moving first from simple alcohols, then through glycerol and levoglucosan, to 5-hydroxymethyl-furfural. Figure S3 shows the four center molecular dehydration reactions of 2-butanol to form 1-butene and 2-butene. 22, 23 OH position inside the carbon skeleton 24 slightly affects reference rate parameters of this reaction class, whereas large differences are observed for substituted aldehydes, when water eliminations form unsaturated species with conjugated double bonds. Figure  1 shows the two successive dehydration reactions in glycerol pyrolysis. The first dehydration reaction again refers to previous reference rate parameters:
Then, the keto−enol tautomerism transforms 1propene1,3-diol into 3-hydroxypropanal, which rapidly forms acrolein through a second dehydration reaction. The aldehyde moiety strongly influences the reactivity and it stabilizes the transition state and the products with a reduction of the activation energy of more than 10 kcal/mol: Fukutome et al. 26 studied glycerol pyrolysis up to 800°C and residence times of 0.9−1.4 s. Figure 1 compares experimental and predicted gas composition at 800°C, where conversion of glycerol and intermediate products was nearly complete. Syngas products are slightly underestimated, whereas an opposite deviation was observed by Fantozzi et al. 25 with respect to similar experimental data of glycerol pyrolysis. 27 Dehydration reactions rule the first molecular decomposition of carbohydrates, specifically of levoglucosan and xylan. Successive levoglucosan dehydration reactions form the 5-hydroxymethyl-furfural (C 6 H 6 O 3 : HMFU), whose successive reactions form furfural (C 5 H 4 O 2 ) and furfuryl-alcohol (C 5 H 6 O 2 ).
28,29 Retro-Diels−Alder reactions are further molecular reactions forming C 2 −C 4 oxygenated species. 7 Chain initiation and H-abstraction reactions are also considered with the usual rules, well-defined for hydrocarbon and oxygenated species. 5, 16, 30 Primary radicals progressively decompose forming major intermediates, such as formaldehyde, hydroxylacetaldehyde, glyoxal, acetol, and small-oxygenated components. Figure 2 compares model predictions and experimental data of levoglucosan (LVG) decomposition at 898 and 973 K.
28 The same figure also shows the evolution of 5-hydroxymethyl furfural, furfural, and furan, together with the successive benzene formation.
Kawamoto et al. 31 and Fukutome et al. 26, 32 studied the reactivity of levoglucosan, glyceraldehyde (CH 2 OH−CHOH− CHO), and acetol (CH 3 −CO−CH 2 OH) in a tubular reactor at 400−900°C and residence times 0.8−1.4 s. Figure 3 compares model predictions and experimental data of major gas and condensable species. Although C 4 −C 6 species are not measured, an overall selectivity of ∼10% is predicted, because of successive dehydration reactions to form 5-hydroxy-methylfurfural, furfural and furan. The kinetic model predicts a relevant formation of benzene, which is mainly formed via propargyl radical recombinations.
To validate further the kinetic model, Figure 4 compares predictions and experimental data of 5-hydroxymethyl-furfural (HMFU) pyrolysis at 898 and 973 K. 28 Predicted yields of furfural, furan are also reported, together with benzene formation. Molecular and a radical reaction path of HMFU form furfural, which in turn decomposes to furan, via H abstraction and CO elimination. Furan pyrolysis has been experimentally 33 and theoretically investigated 34 More recently, the kinetics of furan and furan derivatives received a particular attention. 35−37 Principal pyrolysis products are CO and propyne as a major channel, and C 2 H 2 and ketene. Again, benzene is mainly formed through recombination reactions of propargyl radicals.
Successive Reactions of Aromatics and Phenolics To Form Polycyclic Aromatic Hydrocarbons. Phenolic species deserve a special attention, not only for their presence as tar components released by lignins but also as possible precursors of dibenzofurans and dibenzodioxins. Kinetic studies on phenol, cresol, and anisole chemistry highlighted the importance of CO elimination from unsubstituted and substituted phenoxy radicals both with a molecular path: and with radical reactions to form CO and cyclopentadienyl radicals. 7, 9 Although phenol and cresol were extensively investigated for their interest in combustion systems, anisole (C 6 H 5 OCH 3 ) was mainly studied as a surrogate of tar from lignin pyrolysis. 38−40 These studies highlighted the importance of the ipso-addition reactions, whose reference rate parameters are derived from these simple reactions: All these reactions progressively convert the aromatic and phenolic species. 41 Recently, Norinaga et al. 42 discussed the reaction pathways to form benzene, toluene, and naphthalene from levoglucosan and cellulose pyrolysis. The formation of aromatics from the high temperature biomass pyrolysis is largely due first to the recombination of propargyl radicals, then to successive addition reactions of acetylenic species. Since several years, the formation mechanisms of polycyclic aromatic hydrocarbons and soot have been extensively investigated.
43,44 POLIMI kinetic mechanism was recently revised and improved in this area.
45,46
Secondary Gas-Phase Reactions of Volatiles from Lignin Pyrolysis. Norinaga et al. 42 ,47 developed a two-stage tubular reactor for studying first the fast biomass pyrolysis and then the secondary reactions of pyrolysis products at residence times up to 6 s in a wide temperature range. These data were useful for validating the secondary gas-phase reactions of released species. 48 The model correctly predicts the time evolution of the major gas products as well as the decomposition of tar and intermediate species, properly accounting for benzene and toluene formation.
More recently, Yang et al. 49 investigated the secondary reactions of volatiles derived from the fast lignin pyrolysis at 500−900°C, and 241 kPa. The lignin sample, prepared by enzymatic hydrolysis (EHL), has the elemental C/H/O composition 63.5/5.93/30.57, on a dry basis. A large amount of heavy undetectable phenolic species (>30% at 773 K) were obtained from the fast EHL pyrolysis in the first reactor. Table  2 reports the primary volatile products released from fast pyrolysis of lignin as experimentally measured after 0.1 s. 49 Very heavy phenolic species are not considered in the kinetic model, because of the lumping approach. Therefore, we corrected the experimental data by assuming the undetected heavy species as equally distributed between the phenolic species and char residue. Predicted pyrolysis products as obtained from lignin pyrolysis after 0.1 s are also reported and they show an overall reasonable agreement with experimental data. At high temperatures, the effect of secondary gas phase reactions is a significant decomposition of intermediates to form CO and H 2 , and a relevant formation of aromatics, up to heavy PAHs. The oxygen and hydrogen content in the char residue, as a function of the pyrolysis temperature, well agrees with experimental measurements. Figure 5 compares experimental and model predictions of volatile species released from lignin pyrolysis at different temperatures with residence time of 3.6 s in the second tubular reactor. 49 The predicted values were obtained by directly feeding the lignin (EHL) to the two-stage tubular reactor. After the first pyrolysis stage, primary pyrolysis products were fed to the second tubular reactor with the residence time of 3.6 s. The reasonable agreement confirms the predictive feature of the whole pyrolysis model, i.e. it is not necessary to use the experimental information on the primary decomposition products from lignin. In fact, the direct and coupled use of primary biomass pyrolysis products together with successive gas-phase reactions gives satisfactory predictions. Further details on these calculations are reported elsewhere. 9 Again, model results indicate in a predictive way the formation of ∼5% of polyaromatic hydrocarbon species heavier than C 20 , in agreement with the experimental observation of soot deposition on reactor walls above 1023 K.
■ HETEROGENEOUS REACTIONS OF RESIDUAL CHAR
The carbon content of residual char increases rapidly with temperature, being typically in the range of 85−95% (wt %) at high temperatures. This goes with a loss of oxygen and hydrogen, which decrease to 15−5% and <2%, respectively. 50 Di Blasi 12 critically analyzed the rate laws and kinetic constants for the gasification and the combustion of chars produced from biomass pyrolysis. She also discussed the role played on char reactivity by various factors, such as feedstock, heating rate, temperature, pressure, and composition of the inorganic matter. A reduced graphitization and a larger surface area are the reasons of a higher char reactivity with the decrease in the external pressure. Asadullah et al. 51 studied the structural features and combustion reactivity of chars prepared from the fast pyrolysis using Raman spectroscopy and thermogravimetric analysis. They observed that the formation of amorphous carbon structure with smaller polyaromatic rings are dominant in chars from thick particles at low temperatures, whereas char from small particles at higher temperatures favors the formation of larger aromatic ring systems. The former structures are more reactive than the latter ones. The presence of inorganic catalytic species also plays an important role in char reactivity. However, the char structure seems to play a more dominant role than the catalytic effects in char reactivity. In fact, although higher char surface area improves the reactivity, pore size distribution and diffusion limitations in micropores affect the catalyst activity and apparent reactivity. 52 As a result, the catalytic activity of alkali and alkaline earth metallic species is dependent on their interaction with char structure. 53 Heterogeneous gas−solid reactions of the residual char are mainly of interest in combustion and gasification process, whereas they are of limited importance in pyrolysis process. Although fundamental and more detailed discussions can be found elsewhere, 4,12,54−56 Table 3 summarizes some reference kinetic parameters of major char combustion and gasification reactions. 57, 58 ■ MATHEMATICAL MODEL AT THE PARTICLE AND THE REACTOR SCALE When pyrolysis of thick biomass particles is modeled, the coupling of chemical kinetics with intra-and interphase heat and mass transfer resistances is required. A convenient way to present mass and energy balance equations is to discuss particle and reactor scale. 4 Particle Scale. The particle model predicts the time evolution of temperature and concentration profiles inside the particle. Biomass particles shrink even more than 50% during their conversion. Reliable rules for estimating the variations of transport properties during the pyrolysis process are a need, because they affect heat transfer processes. 11 Energy and continuity equations govern the temperature and concentration gradients inside the particles. Isotropic spherical particles are assumed and they are discretized into N sectors.
The mass balances of solid and gas phase are
where m j,i and m j,i S are the mass of the i th volatile and solid component; t is the time variable; V j is the volume of the j th sector;R j,i is the formation rate of i th component of biomass pyrolysis mechanism.
1 Finally, S j is the external surface and J are the total fluxes generated by diffusion and pressure gradients.
The energy balance is 
where h j,i = c P j,i T j is the component partial enthalpy; T j is the temperature of the j th sector. The term JC accounts for the heat conduction; the term V × HR accounts for the total reaction heat; NCP and NCG are the total number of solid and gas components. Solid species are constrained to remain inside the sector, and only mass exchange of volatile species between adjacent sectors is allowed. Density, shrinking, and porosity of each particle sector are evaluated as the sum of all the corresponding property.
Fick, Fourier, and Darcy laws rule mass and heat fluxes within the particle:
where D j,i eff and K j eff are the effective diffusivity and conductivity; MW and c are the molecular weight and the concentration; r is the radius; Da is the Darcy coefficient; μ is the viscosity of the gas phase and P is the pressure.
Boundary conditions at the gas−solid interface are
where k ext and h ext are the convective transfer coefficients 4 and JR N is the net radiation heat.
A simple application example at the particle scale refers to the pyrolysis of thick biomass particles. The center temperature profiles of thick biomass particles show the presence of two thermal regimes during pyrolysis. The temperature first increases until reaching a plateau at 350−400°C and then the temperature increases further, even exceeding the external pyrolysis temperatures. The plateau is due to the endothermic release of tar components, whereas the temperature peak shows the exothermic nature of the charification processes. Several sets of experimental measurements confirm this behavior.
59 Figure 6 shows a comparison between experimental and predicted profiles. 60 The behavior of these temperature profiles is highly sensitive to the thermochemical properties of the biomass pyrolysis, as well as to the biomass content of cellulose, hemicellulose, and lignins. Further model details and validation examples are reported in Corbetta et al. 48 Reactor Scale. Although the mathematical model of fluidized bed or entrained bed reactors can directly refer to the previous particle model, the definition of an elemental reactor layer describing the gas−solid interactions is useful for the modeling of fixed bed reactors, which can be simulated as a series of several elemental layers. The height of each layer is of the same order of the size of the biomass particle, accounting for the vertical dispersion phenomena.
The gas-phase mass balance equations for each elemental reactor are
where g i is the mass of i th species within the reactor volume V R ; G in,i and G out,i are the inlet and outlet flow rate; R g,i is the net formation of i th species from secondary gas-phase reactions; the term J N,i is the gas−solid mass exchange multiplied by the particle surface S N and the number h of particles inside the layer. Accordingly, the gas-phase energy balance for each elemental reactor is
where h g,i = c P i T bulk ; T bulk is the gas-phase temperature; G × h g are the enthalpies of inlet and outlet flow rates; J × h is the enthalpy flux relating to the mass transfer of a single particle; finally HR g is the overall heat of gas-phase reactions. The reactor index is not reported in eqs 8 and 9. Boundary conditions and closure equations characterize different reactor configurations. Further details on these balance equations, including comments on the numerical methods to solve the overall system, are given in Ranzi et al.
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■ BIO-OIL PRODUCTION AND COMPARISONS WITH EXPERIMENTAL DATA Gas, tar and residual char are the products of biomass pyrolysis, but their proportions are greatly dependent on biomass nature and process operating conditions. Torrefaction, pyrolysis, and gasification are three modes of thermal treatments of biomass, depending on heating rate, temperature, and residence times. Table S3 of Supporting Information summarizes different pyrolysis and gasification processes and gives operating conditions, time scales, and product yields. 2 Low temperatures (300−500°C) and long residence times of gas and tar released by biomass characterize slow pyrolysis and maximize biochar production. Tar species go through cross reticulation and condensation reactions and favor secondary char formation. High heating rates and short residence times distinguish fast pyrolysis. The bio-oil yield can reach 60−70 wt %, whereas even higher values are obtained in flash pyrolysis. 3 Thick particles (3−6 cm), pellets, and biomass briquettes in packed bed reactors are usual biomass feed for slow pyrolysis, whereas small particles in fluidized bed reactors are typical for fast heating process. 11, 12 Moderate temperatures and short vapor residence times optimize bio-oil yields, whereas more severe conditions favor the successive conversion of tar species to syngas production. 2, 10, 62 Small particles give higher liquid yields, but they are costly to grind. Torrefaction, which is a thermal treatment under mild pyrolytic conditions, is useful for improving energy density and biomass grindability. 63, 64 The heart and crucial portion of the fast pyrolysis process is the reactor, and great research efforts are focused on developing new reactor configurations. Bridgwater 2 reports a widespread review of fast pyrolysis reactors, discussing their major features.
• Bubbling fluid beds are a proved technology, which is simple in construction and operation, with efficient heat transfer and good temperature control. Char product is ∼15 wt % and can be used to provide the pyrolysis heat.
• Circulating fluid bed and transported bed reactors are similar to the previous ones, except that char, vapors, and gas have a similar residence time. Because of the high velocities, char attrition can become a negative issue.
• The rotating cone reactor effectively operates as a transported bed reactor, but with transport effected by centrifugal forces in a rotating cone rather than gas.
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• In ablative pyrolysis, heat is transferred from the hot reactor wall to the wood surface. The pyrolysis front moves through the biomass particle, and the reaction rate is strongly dependent on the pressure of wood onto the heated surface.
• The auger pyrolysis reactor is characterized by a doublescrew, where chopped biomass is mixed with hot sand and decomposed to vapors and char.
• Hydropyrolysis combines pyrolysis and hydrocracking by adding hydrogen in order to reduce the oxygen content of bio-oil product.
• Microwave heating and pyrolysis is largely different from the previous techniques as the biomass particles are rapidly heated from within. The interesting aspect is the absence of thermal gradients and the possibility of studying fundamentals of fast pyrolysis kinetics. At the commercial scale, a key issue in the optimal reactor design is the way to provide the process heat from the combustion of char or gas byproduct, or from fresh biomass. 66 A couple of comparisons with experimental data allows to verify model predictions and mainly the model sensitivity to process conditions related to the heating of biomass particles and to the residence time of pyrolysis products.
Flash Pyrolysis of Pine Sawdust in a Conical Spouted Bed Reactor: Effect of Heating of Biomass Particles. Aguado et al. 67 studied the flash pyrolysis of sawdust with N 2 in a conical spouted bed reactor at 350−700°C and 50 ms of gas residence time. They studied the effect of pyrolysis temperature on the yields and composition of gas, liquid, and char, assuming a residence time of biomass particles of ∼10 min. 68 A maximum liquid yield of ∼70 wt % was observed at 450°C. Proximate analysis of the sawdust was: fixed carbon = 16. Figure 7 compares experimental data and model predictions in terms of organic oil, water, gas, and residual char. Although a maximum liquid yield of 70 wt % is properly predicted, large deviations are observed at low temperatures. These deviations highlight the importance of the residence time of solid particles, i.e., of their thermal resistances and heating time. By halving the residence time from 10 to 5 min, it is possible to reduce strongly the observed deviations, at low temperatures. This effect, here observed by reducing the residence time of the solid particles, could be also due to the presence of biomass particles with larger sizes, i.e., requiring more time to complete the devolatilization process. Predicted profiles for a residence time of 2 min are also reported in order to complete the sensitivity analysis to the heating of biomass particles.
Fast Pyrolysis of Pine Wood Particles in a FluidizedBed Reactor: Effect of Secondary Gas-Phase Reactions. Westerhof et al. 69 treated pine wood particles in a small fluidized bed fast pyrolysis reactor at 330−580°C. Pine wood particles of 1 mm, a density of 570 kg/m 3 , and a moisture content of 9−10 wt % were used, together with silica sand particles of 250 μm as fluidized bed material. The bio-oil yield initially increases up to ∼56−58 dry wt %, then is nearly constant at 450−530°C, and finally decreases at higher temperatures. Biomass biochemical composition was given as cellulose/hemicellulose/lignin = 35/29/28, with a ultimate analysis C/H/O = 46.58/6.34/46.98 (wt %, daf), with traces of N and S, and 2.6 wt % of ash. Figure 8 compares experimental data and model predictions in terms of organic oil, water, gas, and residual char. The residence time of the solid particles is 5 min, whereas only 1 s is assumed for the released gas and tar species. The largest deviations are observed at temperatures higher than 800 K. By assuming a gas residence time of 5 s, it is possible to account for these deviations. The secondary gas-phase reactions significantly reduces these deviations by decomposing organics in favor of gas yields, at temperatures higher than 800 K. As already discussed in the previous example, the low temperature deviations can be explained based on a lower residence time of the solid particles, or on a size distribution involving large diameters.
Both these examples refer to fast pyrolysis of a softwood biomass; consequently, model predictions are similar. Maximum liquid yield is about 65−70 wt %, with 10−15% of water, as a global value due to the initial moisture and the pyrolysis water. Deviations between model and experiments are limited and partially contradictory for the two sets of data. In good agreement with experiments, model predicts maximum flat biooil yields in a temperature range of ±50 K, for small particles with a complete biomass devolatilization. Carbon oxides are the main gas species from primary pyrolysis, together with small quantities of methane, and ethylene. Primary H 2 yield is very limited and increases at high temperatures, where residual char is nearly constant.
It seems relevant to emphasize the importance, as well as the difficulty, in the complete and correct modeling and simulation of the different reactors. It is first necessary to account for the reactor geometry and conditions, not only in terms of average residence time of gas and solid particles but also in terms of their distribution. Moreover, size distribution of solid particles, together with the characterization of transport properties and heat transfer during the pyrolysis process, are further features to be characterized. The reactor modeling is not in line with the major topics of this work, which mainly relies on the different facets of the chemistry in biomass pyrolysis.
Bio-Oil Yields from Different Biomass Samples. Figure  9 clearly shows that maximum oil content can easily spans between 40% and 80%, mainly because of the different cellulose and hemicellulose content of biomass samples. Biomass with the highest cellulose content gives the maximum bio-oil yields. The occurrence of a maximum in bio-oil yield is due to the partial biomass pyrolysis at low temperatures, and to the successive decomposition reactions of tar species, at high temperatures. Gas yields increase continuously with temperature. At temperatures lower than 700 K, an appropriate residence time (mainly depending on particle dimensions) is essential to complete pyrolysis process and maximize bio-oil yields.
Bio-oil mainly consists of carbohydrates and substituted phenols mostly derived from lignins. Alcohols, aldehydes, furans, and small oxygenated species constitute up to 15−25%, whereas water yield ranges between 10 and 20% of dry biomass. Predicted bio-oil composition agree fairly well with experimental data. 70 A comprehensive mathematical model of biomass pyrolysis, both at reactor and particle scale, is required to characterize bio-oil formation accounting for the coupling of chemistry and transport processes. In fact, not only the kinetics of pyrolysis reactions, but also the heat and mass diffusivity inside the particle, the heat transfer coefficients, as well as the fluid dynamics inside the reactor, play a crucial role in determining bio-oil production in fast pyrolysis processes.
The yields of organics of Figure 9 refer to average ash conditions, whereas Figure 10 clearly shows the effect of ash on the yield of organics on cellulose pyrolysis. The three yield curves refer to values of ash factor (AF) equal to 0, 0.5, and 1. Because of the ash effect, 1 the maximum of bio-oil spans from 70% to 80 wt % of the original dry biomass.
■ BIO-OIL COMPOSITION AND COMBUSTION

PROPERTIES
As clearly summarized by Lindfors et al., 71 the properties of fast pyrolysis bio-oils differ significantly from those of fossil fuels. Pyrolysis bio-oil is a dark-brown acidic liquid (pH 2−3) with high water and solid content, and has a heating value that is less than half of hydrocarbon fuels. 72, 73 It is possible to increase the heating value only through expensive deoxygenation processes. 74 Upgrading of Pyrolysis Bio-Oil. Bio-oil is not suitable as transportation fuel without a relevant upgrading. Currently there are two broad approaches for improving the quality of bio-oil. The first one, with typical yields of ∼40%, 73 is based on catalytic processes to eliminate the oxygen in the fuel thus increasing its heating value. 74−77 The catalytic hydro-deoxygenation (HDO) can be alternatively applied to reduce both oxygen content and acidity of bio-oils. 78 The catalytic reactions eliminate oxygen by producing water, while simultaneously decompose and hydrogenate the fuel producing a more conventional hydrocarbon fuel. Compared to catalytic cracking, this process converts about 50% of the original bio-oil. The low liquid yields, the high capital expenses, together with further technical problems, make these catalytic methods less attractive. 73 The second and more suitable approach to increase the oil quality are based on biomass pretreatment 3, 79, 80 and physical upgrading. These methods include hot gas filtration, liquid filtration, distillation, and solvent addition. They do not convert bio-oil into a hydrocarbon fuel, but they provide a cheaper and less energy intensive way of improving liquid fuel properties. By far, the simplest and most effective physical upgrading method for bio-oil is the addition of alcohol fuels.
Bio-Oil Composition. The focus of this section is to compare bio-oil with fossil fuels and summarize the challenges in bio-oil combustion resulting both from its physical and chemical characteristics. Bio-oils contain a tar and an aqueous fraction, which makes them immiscible with conventional liquid hydrocarbon fuels. The aqueous fraction contains the low molecular mass (LMM) oxygenated compounds, whereas the tar fraction is constituted by high molecular mass (HMM), water-insoluble lignin fragments (pyrolytic lignin). Bio-oil composition depends on operating conditions and severity of pyrolysis process, as well as on biomass composition. However, bio-oils derived from different biomass streams are more uniform compared to the original biomass resources and have typically 5−20 times higher volumetric energy density. Thus, they potentially decouple liquid fuel production (scale, time, and location) from its utilization, thus improving standardization and market development. 78 This process also enables the separation of residual char and minerals, which can be recycled to the soil as a nutrient. Bio-oils can be used as a fuel or as a renewable raw material for the production of high-value chemicals. 81−83 Recently, Lehto et al. 84 reviewed the existing bio-oil production technologies and compared composition and properties of bio-oil and fossil fuels, as reported in Table S4 .
The unusual characteristics of the bio-oil have a great impact on the combustion technology in terms of burner design, flame stability, emissions, and materials compatibility. Fast pyrolysis bio-oils are nonflammable, nondistillable, and possess only limited volatility. In fact, together with water and volatile organic components, they contain substantial amount of nonvolatile materials such as sugars and oligomeric phenolics. 72 Bio-oils are complex mixtures of hundreds of organic compounds that belong to acids, aldehydes, ketones, alcohols, esters, anhydrosugars, furans, phenols, guaiacols, syringols, and nitrogen containing compounds. 85 Figure S4 schematically shows and compares the chemical composition of several biooils. 86 Figure 11 satisfactory compares experimental and predicted products yields from the fast pyrolysis of three different typical biomass samples: softwood (pine), hardwood (eucalyptus), and grass. Simulation results refer to pyrolysis temperature of 700 K, with a residence time of 2 s for the secondary gas phase reactions of released products.
Combustion of Pyrolysis Bio-Oil and Pollutant Emissions. Bio-oils ignite only at high temperatures, mainly because of the large presence of water and the limited volatility. The low-boiling volatile compounds flash slightly before the evaporated water suppresses ignition. A complete characterization of the distillation curve is not feasible. Bio-oils are not thermally stable: their reactivity already starts below 100°C and distillation stops at 250−280°C leaving up to 30−50 wt % of char residue. 69, 86, 87 The complexity of the bio-oil composition and the chemical nature of its components are the main reason for the challenging behavior of these fuels in terms of stability, combustion, and corrosion. For these reasons, the existing burners require some modifications to handle the different physical and chemical properties of these alternative biofuels. First, all the parts in contact with bio-oil should be made of stainless steel, and the suitability of all gaskets and instruments needs to be checked. Storage and handling of the bio-oil is also challenging, due to the reactivity and aging of the bio-oil. 69, 88 The quality of biomass pyrolysis oils is inferior to that of conventional fossil fuels, but bio-oil characteristics can be improved by adding polar solvents, such as methanol and ethanol. Alcohol addition has a beneficial effect on the storage stability, reduces the viscosity and promotes ignition and flame stability. In fact, bio-oils are mainly composed by scarcely volatile components and significant energy is required for ignition. Bio-oil flames have a similar or longer flame length compared to conventional fossil fuels. 89 Visual observations of bio-oil flames indicate the presence of a stable combustion zone followed by a region where char particles formed from individual droplets undergo burnout. 87, 90 The flame length and stability depends on a number of factors, including atomization quality, fuelling rate, spray inlet velocity, flame swirl, and recirculation.
Green house gases (GHG), NO x , polycyclic hydrocarbon aromatics, and soot are the typical combustion pollutants. Although the emissions of CO 2 mainly depend on the renewable fuel integral production process, the formation of the other pollutants depends on the combustor device characteristics and fuel composition. Pollutants formation is a major issue for bio-oil combustion. Emissions are very dependent on the levels of solids, ash, water, nitrogen, and sulfur in the oil being combusted. Typically, the emissions levels are between those of light fuel oil (LFO) and the lightest heavy fuel oil (HFO), but particulate emission may be higher. 91, 92 NO x emissions are mostly associated with the nitrogen content of bio-oil, which is typically of the order of 0.1−0.9%. 93, 94 Because of the low sulfur amount in biomass compared to fossil fuels, SO x emissions are practically absent in bio-oil combustion. PAH and particulate emissions depend on the relative role of reactions in the gas and liquid phases. 86 The combustion process of a pyrolysis oil droplet starts with the evaporation of water, followed by the selective evaporation of light compounds, whereas the heavier components can also undergo a significant liquid-phase pyrolysis. This pyrolysis process can lead to the formation of a carbonaceous shell at the droplet surface, associated with swelling of the droplet and microexplosions, and ultimately to the formation of a solid residue in the form of carbonaceous Cenospheres. 95−97 Therefore, a sufficiently large residence time of spray droplets in the hot combustion zone of the flame is needed to promote the burnout of solid residues, 84 and the kinetics of the residual char burnout needs to be taken into account. Conventional soot mechanisms contribute only partially to the total particulate emissions. 73 It is therefore necessary to develop models able to predict not only the complex evaporation of a bio-oil droplets but also its combustion kinetics, including pollutant formation, as well as char formation and particle burnout. From a kinetic modeling perspective, the description of the combustion of bio-oil is a very complex task at least for three different reasons. The first one is the challenging characterization of these mixtures of several components. The second is the complexity of the oxidation mechanism of large molecules such as carboxylic acids, sugars, and heavy substituted phenol species derived from pyrolytic lignins. Finally, the third one is that the initial combustion of volatile LMM compounds, that readily evaporate from the droplet, is followed by polymerization and pyrolysis reactions of the HMM compounds in the liquid phase with the possible formation of a char residue in the form of Cenospheres.
■ CONCLUSION
A comprehensive and unifying mathematical model to describe the chemistry of fast biomass pyrolysis is discussed in this paper. Emphasis is given to the multicomponent, multiphase, multiscale nature of this problem, together with the several simplifications for both the gas and solid phase kinetic mechanisms. The overall model is completely predictive and only requires the ultimate biomass analysis. The biomass characterization through a limited number of reference components is only the first step of this process. To reduce the complexity of the overall system, lumping procedures are applied to describe the chemical evolution toward the formation of bio-oil. Similar simplifications are also applied to the secondary gas-phase reactions. Finally, the coupling of the kinetic mechanisms with mass and energy transport resistances at particle and reactor scale constitutes a further difficulty.
The satisfactory comparisons with experimental data prove the model reliability, despite the oversimplifications required for an effective use of the model at the reactor scale. Since the original formulation, the model has been progressively extended, and now it includes the distinction between hardwood and softwood biomass samples as well as the catalytic effect of ash. It is relevant to underline that mainly the biomass pyrolysis model remains a first attempt to describe the complex behavior of pyrolysis products. Despite these simplifications, this model is the only one, to our knowledge, able to describe the chemistry of the whole process from biomass to bio-oil in a predictive and satisfactory way.
Five years ago, Mettler et al. 8 already identified the ten major research features and challenges useful for a more fundamental understanding of biomass pyrolysis and a better design of fast pyrolysis process. These issues, partially discussed in this work, can be summarized at least in the following four topics:
1 Recent and intensive theoretical and experimental activities on cellulose, hemicellulose, and lignin pyrolysis mechanisms, also including catalytic effect of ash, give a satisfactory answer to the first of these points. The second critical feature mainly relates to the complex biomass structure of directional pores, which impacts heat and mass transfer within particles during conversion processes. On the basis of measurements of microstructural particle size and morphology, including cell wall thickness and cell lumen dimensions, Ciesielski et al. 98 presented a general algorithm that produces representative geometrical models of biomass particles. Moreover, they analyzed different biomass particles demonstrating the utility of finite element simulations to better describe intraparticle heat and mass transfer. Similarly, Gentile et al. 99 presented a new computational framework for modeling the pyrolysis of anisotropic biomass particles. These models account for the particle shrinking and can give a better insight into the relative role and time evolution of transport phenomena and chemical kinetics.
From an experimental point of view, Paulsen et al.
100
proposed a new experimental technique capable of measuring biomass composition during fast pyrolysis with high spatial and temporal resolution. They also compared compositional data with a comprehensive 2D single particle model, which incorporated a multistep reaction mechanism, prescribed particle shrinkage, and variable thermophysical properties. This technique highlights the relative role of the chemistry and the transport processes in biomass pyrolysis. Moreover, important analytical efforts are spent to characterize pyrolysis bio-oil. Thus, Negahdar et al. 101 identified and quantified 200 individual compounds using quantitative 13 C nuclear magnetic resonance combined with comprehensive two-dimensional gas chromatography. Similarly, slow and fast biomass pyrolysis was investigated both on fluidized and fixed bed reactors combined with a single photoionization mass spectrometer. 102, 103 Final yields of permanent gases and major primary tars are measured by GC analysis, whereas the soft ionization capability allows real-time and online analysis of the labile primary tars. 104 Although these and similar research activities contribute to elucidate the longstanding challenges in the development of fast pyrolysis models and technology, still future experimental and theoretical works are required for further validation and extension of comprehensive models of fast pyrolysis process.
Even if the pyrolysis mechanisms and the reactor modeling still require further research efforts, from a process viewpoint we can conclude that biomass pyrolysis to bio-oil currently reached a mature stage of development with several technologies already achieving full commercialization stage. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acssuschemeng.6b03098.
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